-"Orange-peel" coupling between two ferromagnetic layers is calculated for an arbitrary orientation of the layers magnetizations -"Orange-peel" coupling changes sign when the magnetizations rotate from in-plane orientation to out-of-plane orientation
where , are the x-and z-components of the magnetic field produced by the first layer in the region of the second layer. The field can be found using Maxwell equations
Introducing the magnetic scalar potential ( = −∇ ) one can transform Eqs. (2) to
At the interfaces = ℎ 1 + and = we require that the normal component of the magnetic induction and the scalar potential are continuous ) , = , = .
We assume that the characteristic roughness height 0 is small comparing to the characteristic lengthscale of the roughness in the (x,y)-plane, 0 ≪ . Then we can express the scalar potential as a series
in which ~0 ( > 1). The potential 0 is given by The non-zero magnetostatic interaction energy appears in the second order in 0 ( op~0 2 ), therefore one can calculate the scalar potential up to the first order in 0 . In the zero order one has Introducing Eqs. (8) and (9) into Eqs. (3-6) one gets the following equations for 1
We introduce the in-plane Fourier components of the potential as follows
The z-dependence of the Fourier components can be expressed in the form
where = | | is the absolute value of the wavevector. The coefficients , , and in Eq. (13) are defined by the boundary conditions Eqs. (10) - (12) . Note that the potential 1 ( ) should be expanded into a series with respect to 0 ∼ 0 / around the lines = ℎ 1 and = 0 when introducing into Eqs. (10) (11) (12) . Only the lowest term should be conserved. The terms of higher order in 0 will contribute to 4 the higher order corrections 2 , 3 etc. Since we are interested in the potential in the region of the second magnetic film (region (I)) we provide here only the expression for the coefficient
For the interaction energy one has op = − cos cos + sin sin ,
Since ( ) (− ) = | ( )| 2 , both coefficients in Eq. (16) . This is because the interaction volume grows with 1,2 in this limit. Note that in most experimental magnetic multilayer systems of interest the film thickness can be rather small. Therefore, the limit of thin films is more relevant. The exponential decay of the "orange-peel" interaction on the insulator thickness is the same as was obtained in a seminal paper of Neel [1] and Ref. [5] .
Equations (17) and (18) show that the magnetostatic interaction energy is anisotropic. The anisotropy means that the coupling strength depends on the angle between the layers magnetic moments and the average surface normal (z-axis in our case). Moreover, when the magnetizations are in the (x,y)-plane the interaction is ferromagnetic, while when 1,2 are along z-axis the interaction is antiferromagnetic. This result is in contrast to Ref. [5] where it was obtained that the OP interaction is absent (appears in higher order in 0 / ) in the case when 1,2 are along the z-axis. The reason for this discrepancy is the following. In the case of the in-plane magnetization the interface roughness leads to appearance of inhomogeneous surface magnetic charge linear in . This charge produces the stray field of the same order. For the out-of-plane magnetization the inhomogeneous surface charge is of order 2 . It leads to vanishingly small stray filed which was calculated in Ref. [5] . In fact, there is another contribution to the stray field coming from the uniformly charged curved surface. Such a surface 5 produces the stray field linear in . The interaction strength in the case of the in-plane magnetization orientation is the same as in Ref. [5] .
In the seminal paper of Neel [1] the check board height distribution ( , ) = sin( ) * sin ( ) was considered in the case of the in-plane orientation of magnetization. Surface density of the magnetostatic interaction energy for such a roughness in the case of general orientation of magnetic moments is given by
where is the surface area. In this case one has = 2 . This relation holds for any surface with symmetry | (k x , k y )| 2 = | (k y , k x )| 2 , for instance, for the Gaussian roughness with the following correlation function
Where is correlation radius, 2 is the height dispersion, 0 ( ) is the zero-order Bessel function, Brackets 〈… 〉 denote averaging over the surface area.
In the consideration above we assumed that To observe the angular dependence of the "orange-peel" effect one can use a ferromagnetic resonance method. It allows studying a magnetic interaction under an applied external magnetic field.
Applying the external field along the sample plane one should observe the in-plane ferromagnetic interaction between magnetic layers. When the external field is applied perpendicular to the sample plane the out-of-plane antiferromagnetic interaction should be observed.
